The enhancement of the nucleation and subsequent growth of nanocrystalline diamond (NCD) films with a submicron thickness control on silicon substrates is demonstrated by using a sputter deposition of six different metallic (Cr, Mo, Nb, Ti, V, and W) seed nanolayers. The effectiveness of altered surface morphology and surface chemistry is discussed. We show that the number density of nanodiamond particles embedded on the nanorough metallic surfaces after an ultrasonic seeding step together with the dynamic surface chemistry during hot-filament chemical vapor deposition of diamond determine the nucleation kinetics, microstructure and surface topography of the NCD films. Overall, the smoothest NCD layer (root-mean-square roughness 10 nm) was obtained with the highest seed density of diamond nanoparticles anchored to the metallic (W) surface. In particular, the rapid carbide-forming metals Mo, Nb and W showed the highest number density of diamond crystallites formed during the NCD nucleation stage, which resulted in dense, uniform and very smooth NCD films. Much rougher NCD films (17-37 nm) were obtained on the Cr, Ti, and V nanolayers that did not form carbides rapidly.
The critical step in the CVD of diamond thin films on non-diamond (foreign) substrates is the diamond nucleation step. It generally requires an artificial creation of diamond nucleation sites on the substrate surface, since the high surface energy of diamond limits the formation of stable diamond nuclei from the gas phase without any substrate pretreatment. Different nucleation procedures have been established based on either ex situ or in situ methods with highly varying results. The popular in situ approach based on the bias enhanced nucleation 10,11 prior or during the initial stages of diamond film growth gives a high density of diamond nucleation, but is limited to electrically conductive substrates and results in inhomogeneous nucleation if applied in HF-CVD. 12 Therefore, ex situ methods are most widely applied for nucleation enhancement purposes.
Manual scratching or abrading of the substrate surface with diamond grit 13,14 enhances the nucleation density of diamond by many orders of magnitude compared with nonscratched substrates (up to 10 9 cm -2 in the case of silicon 15 but this procedure leads to the introduction of surface defects and it is limited to mechanically robust substrate materials such as hard metal, refractory metals and steels. [16] [17] [18] Commonly, ultrasonic agitation in a diamond slurry or dispersions of nanodiamond (ND) particles is applied. 15, 19, 20 In particular, when ultrasonic agitation is performed in a solution of monodisperse, or socalled ultradispersed, nanodiamond particles of 5-10 nm in size, [21] [22] [23] extremely high diamond nucleation densities (in the range 10 11 -10 12 cm -2 ) can be obtained. The ND particles adhere to the substrate surface by van der Waals interactions and/or electrostatic forces and so act as nucleation seeds in the subsequent diamond CVD growth process.
Ideally, a compact monolayer of diamond nanoparticles uniformly dispersed on the substrate surface enables the synthesis of extremely smooth, dense and thin diamond films.
Recent research 24 has shown that electrostatic grafting (or self-assembly) on surface modified substrates can result in very high ND particle densities by taking advantage of the electrostatic interactions between the ND particles and the substrate surface. Alternatively, by a heat treatment in air, the ND particle surface becomes mainly covered by carboxylic groups and a negative surface charge is obtained when suspended in water. An electrostatic self-assembly seeding process with such modified ND particles on copper and SiO 2 substrates was reported. 25, 26 Also, the deposition of two-dimensional monolayers of ND particles by combined ultracentrifugation and electrophoresis techniques has been shown lately. 27 Yet, no studies have been reported that focused on the (possible) relationship between the topography of the substrate surface and the assembly of ND particle seeds onto it.
In numerous studies devoted to the growth of diamond thin films on ferrous and cemented carbide substrates, metallic interlayers were effectively employed to suppress the large uptake of carbon, to suppress the out-diffusion of highly reactive Fe and Co atoms, and to improve the adhesion of the diamond films on the substrate. [28] [29] [30] [31] [32] In addition, it has long been known that under conventional pretreatment conditions, such as manual scratching, the diamond nucleation densities on carbide-forming substrates (Si, Mo, W) are typically one or two orders of magnitude higher than those on substrates that do not form carbides (Cu, Au). 33 In this view, a number of recent studies focused on a 6 of 36 more uniform and denser nucleation of diamond during CVD. This offers the opportunity to produce very thin NCD and UNCD films reducing the surface roughness and eliminating interfacial voids. Yet, there is little understanding of the effects of the altered surface chemistry and surface morphology, associated with the coating of the silicon substrate by these metals, on the seeding by ND particles and the early stages of diamond film formation. In particular, the surface coating morphology could play a significant role since the surface nano-asperities could promote the seed adhesion and then enhance the seeding density. So, there is a strong need for a direct comparison of the effectiveness of different metal seed nanolayers for the synthesis of nanostructured diamond thin films.
Therefore, in this work, we studied the enhancement of the nucleation and growth of NCD thin films by using six different metallic (Cr, Mo, Nb, Ti, V, and W) seed nanolayers. We aimed at the rapid formation of smooth and dense NCD films at a relatively low substrate temperature of about 650 °C to deal with the hurdles of the prevailing high deposition temperature and of the low nucleation and growth rates common to the diamond CVD process, 1 especially to the conventional hot-filament assisted CVD process without argon stock gas. 39 In particular, we investigated the role of the nanotopography of the metallic layers on the efficiency of seeding by nanodiamond particles as well as the effect of a rapid carburization of the metallic surfaces during the early stages of diamond film formation on the microstructure and smoothness of the NCD films. Atomic force microscopy, micro-Raman spectroscopy, scanning electron microscopy, and grazing incidence x-ray analyses were employed for sample characterization. 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 substrates, respectively. The substrate temperature (650 ± 15 ˚C) was maintained using a PID controller (model 2416, Eurotherm Ltd.) with an induction heating system (model TR1, Cheltenham Induction Heating Ltd.) for heating up the Mo-substrate holder combined with an active water cooling of the same.
Characterization.
Scanning electron microscopy (SEM; JEOL JSM 6330 F and NOVA NANOSEM 230 equipment (© FEI) operating with a VCD (low-voltage and high-contrast for backscattered electrons) detector) and atomic force microscopy (AFM; Nanoscope IIIa from Veeco and Agilent 5500 from Agilent) operated in tapping mode with silicon cantilevers (nominal radius of 10 nm) were used to characterize the surface topography of the samples before and after diamond nucleation and NCD film growth.
AFM topographic images of 512 × 512 points were taken at different sample spots and different areas (from 1 × 1 µm 2 up to 20 × 20 µm 2 ) were imaged. The corresponding roughness data were averaged from a minimum of three measurements. Microstructural analyses of the diamond deposits were performed by micro-Raman spectroscopy using an Ar-ion laser (514.5 nm) at 800-2000 cm -1 (Renishaw System 1000) using a 50× objective with a spot size of about 2 µm. Grazing incidence X-ray diffraction (XRD) was performed to study the (crystalline) phases formed at the substrate surface during diamond deposition. CuK α radiation (40 kV, 40 mA) was used for both types of measurements. XRD patterns were recorded at a constant grazing angle of 6° and 2θ-angles between 6° and 130° with a step size of 0.02° and a step time of 10 s.
RESULTS AND DISCUSSION

Substrate Seeding by ND Particles
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Morphological Characterization of As-sputtered Metallic Nanolayers
The uncoated Si wafer substrates are extremely smooth with root-mean-square (RMS), or R q , roughness of 0.1-0.2 nm. 38 Therefore, the topography of the coated samples is mainly determined by the sputtered metallic thin films. The layer thickness and RMS surface roughness of the six metallic films are given in Table 1 . Both value sets are within relatively narrow windows and the Nb layer has lowest roughness (0.5 nm), whereas highest values (1.5-1.6 nm) are obtained on the V and W film surfaces. (FIGURE 1)
Morphological Characterization of Seeded Metallic Nanolayers
The AFM topographic images obtained from the metallic nanofilms after the ultrasonic pretreatment with ND powders are presented in Figure 2 . Obviously, there is a strong variation in size, distribution and average density of embedded ND particle seeds among the different metallic seed nanolayers. A relatively low number density of seeds of about 0.3 × 10 10 cm -2 (Table 1) is detected on the Cr film surface (Figure 2a ). The seeds are mostly embedded as single ND particles as was concluded from a detailed inspection of the AFM images obtained at higher resolution (inset of Figure 2a ). Note that the fact that the ND particles appear much larger in the AFM image than the effective core particle size (~10 nm) is due to the convolution effect between AFM tip and ND particle. 40 On all other metallic films (Figure 2b -f), both spatially separated and densely packed ND particle agglomerates are observed. Average seed densities range from 1.1 × 10 10 cm -2 to 3.5 × 10 10 cm -2 on the Mo and W surfaces, respectively (Table 1) . Clearly, the highest number density and surface coverage by ND seeds is found on the W surface. The insets of Figure 2 show the presence of agglomerates consisting of a wide number range of ND particles. The formation of relatively large agglomerates (up to about 180 nm in lateral For the metallic nanolayers under investigation in this study, the ND seed particle densities are comparable or somewhat higher than that on the pristine Si surface (~1 × 10 10 cm -2 ), 38 except in the case of Cr. The self-assembly seeding of the ND colloids could be explained on the basis of interfacial forces. In principle, the variation in nanoscale roughness of the different metallic film surfaces could cause a dissimilar assembly of ND seeds. Therefore, the effect of surface topography of the sputtered nanofilms on the embedding of ND particles was studied into more detail (see Supporting Information). In particular, we analyzed the eventual relationship between the lateral roughness correlations, which are related to the surface nano-asperities, and the seeding efficiency.
From our quantitative AFM analysis of the morphology of the different metallic nanofilms and the calculated number densities of embedded ND seeds ( 
Early Stage of NCD Film Formation
Morphological Characterization of NCD Nucleation
Advanced nucleation and the formation of almost fully closed NCD thin films can already be observed on several of the seeded metallic surfaces after only 2 min of HF-CVD processing. SEM images taken from the surfaces of the different metallic nanolayers are displayed in Figure 3 . Diamond crystals in the range from about 9 nm , which confirms that the use of the metallic surfaces alone is not enough for efficient diamond nucleation and that seeding with ND particles is essential for diamond nucleation enhancement and NCD film formation.
(FIGURE 3)
Surface Chemistry during NCD Nucleation and Film Formation
Micro-Raman spectroscopy was employed to evaluate the carbon bonding of the deposits formed after the nucleation stage. Raman spectra recorded on the different metallic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 No reflections from the nucleated diamond crystallites can be found in the corresponding XRD patterns, likely because diamond has a relatively low scattering cross section for XRD analysis due to its low atomic mass. The two broad bands at 2θ = 57.2° and 2θ = 86.6° that can be distinguished in nearly all the XRD patterns are probably the result of thermal diffuse scattering caused by thermally excited lattice vibrations of the silicon substrate, 42 since the measurements were performed at room temperature. More 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 importantly, on all the exposed metallic surfaces with the exception of Mo, a very broad peak ('halo') at about 2θ = 18° is recorded, which results from incoherent scatter and indicates the presence of amorphous solid material. The (partial) amorphization of the metallic surfaces is most probably accelerated by a rapid carbon uptake at the elevated substrate temperature of about 650 °C.
Growth of Smooth and Dense NCD Films
Prolonged HF-CVD of diamond (total growth time 20 min) results in the development of closed, well-adhered and crack-free NCD thin films on all the seeded metallic nanolayers.
NCD films with a thickness in the range 300-350 nm were thus produced, which implies an average growth rate of the NCD films of about 1 µm h -1 . Cross-section SEM images of the NCD films grown on top of the Cr, V and W nanofilms are shown in Figure 6 . The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 6c, respectively. In contrast, diamond growth on uncoated silicon, although analogously seeded with ND particles and at similar HF-CVD conditions, does not result in the formation of closed NCD films after 20 min, but leads to coalesced NCD nucleation clusters only. 38 This clearly evidences the accelerated nucleation and growth of NCD thin films by using the metallic seed nanolayers.
( 43, 44 that is frequently observed in CVD processes. [43] [44] [45] In fact, all the synthesized NCD films in this study are of a lower crystalline order than the strongly faceted NCD films with high purity grown from extremely high diamond seed densities and carbon-lean gas atmosphere, 2 and they are commonly referred to as 'ballas' or cauliflower-type diamond. 2, 39 The smoothest NCD films with most uniform surface morphology were grown on the Mo, Nb, and W metallic thin films (Figures 7b,   7c , and 7f, respectively). In these three cases, the cauliflower-like structures are limited to lateral dimensions of several hundreds of nanometers only. (FIGURE 7) Figure 8 shows the RMS roughness of the NCD films as well as the surface coverage after 2 min of diamond nucleation as a function of the initial ND seed density for the six different metallic thin films. Clearly, the smoothest (10 nm) and roughest (37 nm) NCD films are formed with the highest and lowest seed densities of ND particles on the W and Cr nanolayers, respectively. This also reflects on the comparatively high (~90%) and low (~40%) surface coverages by diamond crystallites after 2 min of nucleation on these two metallic thin films. On the other hand, there is a strong variation in surface coverage after diamond nucleation and in RMS roughness of the NCD films synthesized on the Mo, Nb, Ti, and V metallic surfaces. No direct relation between these two surface characteristics and the ND seed density can be deduced on those metallic surfaces. Nevertheless, it is evident that overall the surface coverage after diamond nucleation and the RMS roughness of the NCD films are inversely related to each other. In other words, the higher is the surface coverage, the lower is the RMS roughness of the grown NCD films.
Interestingly, the smoothest NCD films (RMS roughness 10-12 nm) are formed on the rapid carbide-forming metals Mo, Nb and W. Much rougher NCD films (RMS roughness 17-37 nm) are obtained on the Cr, Ti, and V interlayers that do not form carbides rapidly.
(FIGURE 8)
The bonding structure of the NCD films grown on the six different seeded metallic surfaces is very similar (Figure 9 ). The signals from the non-diamond carbon phases (1,
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Only, the relative intensities of the Raman signals related to t-PA (1 and 4) have increased slightly as compared to those in the Raman spectra recorded after diamond nucleation. The relatively high methane-to-hydrogen gas ratio of 2.5% used for the NCD film growth results in a high supersaturation of carbon precursors at the cost of gaseous etchants such as atomic hydrogen. 43, 46 Such a growth scenario promotes a relatively high number of defects that facilitate crystal twinning and the re-nucleation of diamond crystallites during the NCD film growth. 47 The grain boundary structure thus produced is commonly characterized by the incorporation of minority non-diamond carbon phases, such as amorphous carbon and t-PA. 47 However, visible Raman spectra of NCD materials are dominated by emission from the grain boundaries, although these regions typically account for less than 5% of the grown material.
(FIGURE 9)
4. DISCUSSION
Interactions Between Substrate Surface and ND Particles
For the first time, we have shown that there is no direct correlation between the topography of the substrate surface and the accumulation of ND seeds via ultrasonic seeding by performing a quantitative analysis of the morphology of the different metallic nanofilms by AFM and of the embedding of ND seeds on these surfaces. However, in general, the nanoscale surface roughness of the substrate does strongly affect the adhesion force between the substrate surface and an embedded particle. It was previously reported that the adhesion force on nanorough surfaces is primarily determined by the distribution of asperity heights 49 and the contact interaction of the asperity and the adhering particle is found to dominate the interaction. 50 It has been speculated that the introduction of surface nano-asperities by substrate coating could thus promote the seed adhesion and thus enhance the seeding density of ND particles on silicon substrates. 35, 38 This effect is rather small for most of the sputter-coated metallic surfaces under investigation in this study, since relatively comparable values of the number density of ND particle seeds on the various metallic surfaces and the pristine silicon surface have been derived (in the order of about 1 × 10 10 cm -2 ). In fact, electrostatic interactions between the substrate surface and the ND particles, rather than van der Waals interactions, appear to dominate the embedding (adhesion and aggregation) of the ND seeds. This is in line with several recent reports that focused on the seeding of ND particles by electrostatic self-assembly. [24] [25] [26] 51, 52 Electrostatic grafting on substrates (with or without surface modification) can result in a very high density and uniformity of ND particles if a properly selected surface modification and fractionalization of the ND particles are employed to improve their dispersion and to separate those particles into a more narrow range of particle sizes. 26, 52 Ideally, ND particles are anchored to the substrate surface as seeds of single grain size for NCD film growth, but it is well known that the formation of ND particle agglomerates is difficult to avoid. The formation of nanoparticle agglomerates on the metallic film surfaces in this study could be due to the direct embedding of such agglomerates being present in the alcoholic suspension itself and/or a re-agglomeration of well dispersed ND particles on the sample surfaces upon evaporation of the liquid 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 solution at the end of the ultrasonic pretreatment. Usually, ND particles produced by the detonation process are tightly bound in aggregates that are difficult to separate into monodisperse particle colloids. 25, 53 No dynamic light scattering data were available for the ND suspension in isopropyl alcohol used in the present study, but it likely contains a broad range of particle sizes. In fact, a nearly full sedimentation of the suspension was observed after about 2 hours after completion of the ultrasonic agitation. On the other hand, it is commonly recognized that the so-called zeta potential 26, 52 of the ND particles in suspension on the one hand and that of the substrate surface on the other hand determine the colloidal behavior and self-assembly of ND particles on the substrate surface. Opposite values (negative vs. positive, or vice versa) of the respective zeta potentials could be obtained by tailoring the substrate and ND particle surfaces with different functional groups. Recent studies have shown that a heat treatment of the pristine detonation ND powder in air 54, 55 or in hydrogen gas 56 can yield monodisperse colloids, which will likely favor the spreading and embedding of single ND grains on the different metal(oxide) surfaces.
Surface Carburization
It is well known that carbon diffusion is crucial for diamond nucleation and film growth and the metallic interfaces play an important role in the diffusion process of carbon. In the case of the Mo seed nanolayer, a complete carburization into a single-phase Mo 2 C layer occurred within the first 2 min of diamond nucleation, which results from the high diffusion coefficient of atomic carbon in molybdenum and Mo 2 C. 57, 58 Bahr et al. 59 showed that accumulation of carbon leads to the formation of C-C bonds within the 
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 molybdenum carbide layer and that the growth of diamond on top of Mo only starts after the incubation time necessary to develop a carbide layer and to saturate the surface of the carbide with carbon. Likewise, Chen et al. 60, 61 claimed that, as a consequence of the limited volume for carbon inward diffusion, the fast accumulation of carbon species in 300-and 400-nm thick W and Ti coatings, respectively, on a Si substrate, results in the enhanced formation of W-C and Ti-C phases at the Si-metal interface, which in turn leads to a faster diamond nucleation. Unfortunately, there are very few reports on the highresolution transmission electron microscopy analysis of diamond nucleation on metallic surfaces. Chen et al. 62, 63 recently demonstrated that the nucleation of UNCD and NCD on
Mo coatings proceeds on top of Mo 2 C, MoC, and possibly graphite. Alternatively,
Haenen and co-workers 64,65 provided clear evidence that carbon diffuses through TiO 2 sol-gel seed layers and that dispersed ND seeds that were intentionally buried underneath partially convert to amorphous carbon during diamond film growth. This carbon diffusion and conversion from diamond to amorphous carbon made the seed areas below the TiO 2 layer grow and bend the TiO 2 layer upwards to create the nucleation center of the diamond film. 65 These recent findings strongly support the crucial role of carbon diffusion in the diamond nucleation and film formation stages. In conclusion, it is expected that the carburization and the fast accumulation of carbon atoms within the subsurface region of all the seed nanolayers of the Group 4-6 transition metals under investigation in this study, in combination with the number density of initially embedded ND particle seeds, determine the nucleation rate of diamond.
NCD Film Growth
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In conclusion, the carbon phase purity of the grown NCD films is determined by the precursor gas composition and is thus not affected by the presence of different metallic seed nanolayers, although the kinetics of diamond nucleation and NCD film growth as well as the surface roughness of the NCD thin films vary significantly among the different metals studied in this work.
CONCLUSIONS
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 Figure 6 . Cross-section SEM images of the NCD films (thickness 300-350 nm) grown on the seeded (a) Cr, (b) V and (c) W nanolayers. NCD film growth was done by HF-CVD during 20 min at a substrate temperature of about 650 °C and using a gas mixture of 2.5% methane-to-hydrogen. Cleavage of the samples was done by using a diamond scribe. 46x13mm (300 x 300 DPI)
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure 7. AFM topographic images (2×2 µm²) of the NCD films (thickness 300-350 nm) grown on the six different seeded metallic nanolayers. NCD film growth was done by HF-CVD during 20 min at a substrate temperature of about 650 °C and using a gas mixture of 2.5% methane-to-hydrogen.
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